Introduction
============

Elimination of microbial contamination from the root canal system at the time of canal obturation is a prerequisite for successful outcomes in endodontic therapy.^[@bib1]^ Bacteria in the root canal are present either as free-floating single cells or attached to each other or to the root canal walls to form a biofilm.^[@bib2],[@bib3]^ *Enterococcus faecalis*, a Gram-positive and facultative anaerobic bacterium, is more likely to be found in persistent infections than in primary infections.^[@bib4]^ The inherent ability of *E. faecalis* to adhere and invade dentinal tubules^[@bib5],[@bib6]^ and form communities in an organized biofilm may contribute to bacterial resistance and persistence of infection after root canal treatment.^[@bib7]^ Thus, many studies have been conducted on *E. faecalis*-infected dentin blocks to determine the antimicrobial activity of intracanal disinfectants.^[@bib8],[@bib9]^ Mechanical instrumentation alone does not result in total or permanent reduction of bacteria from infected root canals^[@bib10]^ and thus, requires the concomitant use of various antimicrobial irrigants in a sequential manner or in combination to enhance the antimicrobial effect.^[@bib11]^

Chlorhexidine (CHX) digluconate is a bisguanide disinfectant that has antimicrobial substantive activity,^[@bib12],[@bib13],[@bib14]^ and thus has been widely used as an auxiliary canal irrigant or a canal soaking agent against *E. faecalis*.^[@bib15],[@bib16]^ A recent study also demonstrated that CHX attenuates the activity of *E. faecalis* lipoteichoic acid (LTA).^[@bib17]^ However, CHX was shown to have no tissue solvent activity.^[@bib15]^

Alexidine (ALX) is also a bisguanide disinfectant that has greater affinity for the major virulence factors such as bacterial lipopolysaccharide and LTA than CHX.^[@bib18]^ It was also reported that the interaction of ALX and sodium hypochlorite did not form an insoluble precipitate known as para-chloroaniline.^[@bib19]^ However, to date, its antimicrobial efficacy on *E. faecalis* biofilms is unknown. Therefore, the aim of this study was to compare the antimicrobial activity of 1% ALX with that of 2% CHX using *E. faecalis*-infected bovine dentin blocks. The hypothesis was that 1% ALX and 2% CHX would show no difference in antibacterial efficacy against *E. faecalis*.

Materials and methods
=====================

Preparation of dentin blocks
----------------------------

Bovine incisor teeth were extracted, and the roots were cleaned with scalers and 4% sodium hypochlorite (NaOCl) solution. The coronal and apical thirds of the roots were removed using a Microtome (Struers, Rodovre, Denmark). The middle thirds of the roots were split along the long axis. The specimens were immersed in 4% NaOCl for 5 min and then 17% ethylene diaminetetraacetic acid (EDTA) for 2 min to remove the smear layer, then washed with distilled water and sterilized by autoclaving.

*E. faecalis* inoculation
-------------------------

*E. faecalis* (ATCC 29212) inoculation was carried out using the apparatus reported by Luppens *et al*.^[@bib20]^ The apparatus consisted of a vessel containing 10-fold-diluted brain--heart infusion (BHI; Difco Laboratories, Detroit, MI, USA), a pump (Masterflex pump system; Cole-Parmer Instrument Co., Chicago, IL, USA), a culture container (perfusion culture container 1301; Minucells and Minutissues, Bad Abbach, Germany), and a vessel for waste, all of which were connected with silicone tubes ([Figure 1](#fig1){ref-type="fig"}). Before inoculation, samples were placed in the culture container, and BHI was pumped through the system for 30 min. To inoculate *E. faecalis*, culture media (BHI) in the container was removed. The 24-h culture (15 mL) of *E. faecalis* (5.5×10^9^ colony-forming units per mL) was then added to the container. After 30 min, the pump was restarted, and samples were allowed to develop a biofilm for 24 h in the presence of a constant nutrient flow. After the pump was stopped, the blocks were removed from the container and placed into the cell culture wells (1 dentin block per well) of a 24-well plate.

Preparation of antibacterial solutions
--------------------------------------

The dentin blocks were soaked in 1 mL of 2% CHX or 1% ALX for 5 and 10 min, respectively. A 2% solution of CHX was prepared by diluting a 20% solution of CHX (C 9394; Sigma-Aldrich, St Louis, MO, USA) with sterile distilled water. A 1% solution of ALX was prepared by dissolving ALX dihydrochloride powder (M68182628; Gentaur, Kampenhout, Belgium) in sterile distilled water. We tested 1% concentration of ALX solution because ALX with a concentration higher than 1% caused moderate cytotoxicity against human gingival fibroblasts in our preliminary study. Sterile saline was used as the control group.

Scanning electron microscopic observation and statistical analysis
------------------------------------------------------------------

After the aforementioned treatment, all dentin blocks were fixed in 2% glutaraldehyde at 4 °C and prepared for observation under a scanning electron microscope (SEM). The central beam of the SEM (Hitachi S-4700, Tokyo, Japan) was directed to the surface of each dentin block under 50 times magnification in order to observe the whole sample surface. Then, 10 areas of each specimen projected onto the screen were randomly selected and magnified 1 500 times. The number of bacteria observed within the grid was counted. To observe the shape of bacteria and their characteristics, areas of interest were photographed under 10 000 and 20 000 times magnification. The final results for the mean number of *E. faecalis* binding to dentin were obtained by calculating the mean scores of the 10 selected areas of each specimen.^[@bib21]^ The data were analyzed using one-way ANOVA, and the comparison of means was conducted using the Tukey *post hoc* multiple comparison test. *P* value less than 0.05 was considered statistically significant.

Results
=======

The numbers of bacteria counted in three different groups are summarized in [Table 1](#tbl1){ref-type="table"}. In the groups soaked with 2% CHX or 1% ALX for 5 min, significantly fewer bacterial cells were observed than in the saline (control) group (*P*=0.002), but there was no significant difference in the number of bacteria adhering to the dentinal surface between the two experimental groups (*P*=0.869). In the groups soaked with 2% CHX or 1% ALX for 10 min, the number of bacteria was significantly reduced compared with the control group (*P*=0.004). However, there was no statistically significant difference in the number of adhered bacteria between the ALX and CHX groups (*P*=0.674).

Under a SEM, the shape of the *E. faecalis* attached to the dentinal surface was normal in the group soaked with saline for 5 min ([Figure 2a and 2b](#fig2){ref-type="fig"}). On the contrary, *E. faecalis* with damaged (ruptured) membranes were often found in the 5-min-soaked ALX and CHX groups ([Figure 2c--2f](#fig2){ref-type="fig"}). No remarkable difference in bacterial shape could be seen between control groups soaked with saline for 5 or 10 min ([Figures 2a, 2b](#fig2){ref-type="fig"}, [3a and 3b](#fig3){ref-type="fig"}). However, antiseptic particles were more frequently attached to the bacterial surface in the 10-min-soaked CHX and ALX groups ([Figure 3c--3f](#fig3){ref-type="fig"}) than the 5-min-soaked CHX and ALX groups ([Figure 2c--2f](#fig2){ref-type="fig"}). In particular, damaged or antiseptic-attached bacteria were frequently observed in the 10-min-soaked ALX group ([Figure 3f](#fig3){ref-type="fig"}).

Discussion
==========

This study supports the hypothesis that 1% ALX and 2% CHX have no difference in antibacterial activity against *E. faecalis*. In the present study, 5-min soaking with 2% CHX or 1% ALX significantly reduced the number of bacteria adhering to the dentinal surface compared to the control group, but the antiseptic-attached bacteria were scarcely observed. On the contrary, in the 10-min soaking with CHX or ALX groups, antiseptic particles attached to the bacterial surface and abnormal bacterial shapes were commonly found, particularly in the ALX group. These findings imply two clinically important insights. One is that the antibacterial activity of ALX or CHX is due to the adherence of antiseptic particles to the bacterial cell wall. The other is that maximum adherence of antiseptic particles to the bacterial cell wall took longer than 5 min. The clinical implication of these findings is that ALX or CHX should be in direct contact with the infected dentinal surface for a prolonged time (\>5 min) in order to achieve their maximum antibacterial effect against *E. faecalis*. In general, Gram-positive bacteria like *E. faecalis* are more sensitive to cations, because they are negatively charged. Chlorhexidine is a cationic bisguanide that seems to act by adhering onto the negatively charged phosphate groups of bacterial cell walls, causing leakage of intracellular components.^[@bib22]^ At higher concentrations, as were used in this study, CHX has a bactericidal effect due to precipitation and/or coagulation of the cytoplasm, probably caused by protein cross-linking.^[@bib23]^ ALX, similar to CHX, is a cationic bisguanide that induces lipid phase separation and domain formation at bacterial membranes.^[@bib24]^ However, ALX has greater affinity for bacterial LTA than CHX.^[@bib19]^ This characteristic might result in the formation of many ruptured (damaged) or antiseptic-attached bacteria in the 10-min-soaked ALX group. Furthermore, both irrigants have substantive antimicrobial activity.^[@bib25]^ This can allow ALX to be applied as a supplementary final rinse before intracanal medication or a canal soaking agent before canal obturation, as well as a drug component of controlled release device.^[@bib26]^

The inoculation system used in this study was the method utilized by Luppens *et al*.^[@bib20]^ The Luppens apparatus has several advantages over previous methods suggested by Das *et al*.^[@bib27]^ and Wright *et al*.^[@bib28]^ First, the Luppens method counts bacterial cell number rather than determining the minimum inhibitory concentration of the antibacterial agent, which is less appropriate since growth-inhibited cells (e.g., *E. faecalis*) can still recover, regrow and reinfect the root canal system. Second, the Luppens method applies shear force and poor nutritional supply when creating the biofilm. The resulting biofilms with firmly attached bacteria more closely simulate the biofilms formed in the infected root canal system. Finally, the Luppens apparatus is simple and economical compared to previous methods such as the Robbins device.^[@bib29]^

A recent study emphasized the importance of standardization of factors such as biofilm age when comparing the effectiveness of disinfecting agents against biofilm bacteria.^[@bib30]^ Regarding this issue, a previous study assessed the efficacy of CHX and cetrimide in eradicating 1-day-old biofilms of *E. faecalis*.^[@bib31]^ Another study reported that 1-day-old biofilms of *E. faecalis* provide a better comparison of the antimicrobial effectiveness of disinfectants than 3-day-old biofilms.^[@bib32]^ The study revealed that 3-day-old biofilms showed a natural decrease in adhered bacteria with additional 1-day incubation despite the absence of an antibacterial agent. On the contrary, 1-day-old biofilms showed no change in the number of adhered bacteria with additional 1-day incubation. This implies that 3-day-old biofilms could have 'natural\' loss of adhered bacteria not caused by an antibacterial irrigant. Considering this report, we used the Luppens apparatus to yield 1-day-old biofilms of *E. faecalis*, which might be a sufficient time period for obtaining adequate biofilm density.^[@bib32],[@bib33],[@bib33]^

In the present study, the SEM was only used to observe the numbers or the degradation of bacterial shape or membrane rupture of bacteria attached on dentin substrate, but not their viability. Therefore, alternative viability evaluation such as LIVE/DEAD bacterial viability test with a confocal laser scanning microscope would be helpful in evaluation of the antimicrobial efficacy, in future study. Also, the present study did not include sodium hypochlorite as a positive control because its antimicrobial mode against *E. faecalis* is different from that of ALX and CHX. Sodium hypochlorite kills *E. faecalis* by the high alkaline pH^[@bib34]^ but the ALX and CHX attach to the bacterial membrane surface, cause leakage of intracellular components and rupture bacterial membranes, which are clearly shown in the SEM observation of our study.

Although the present study showed that 1% ALX was effective against *E. faecalis* infection, we recommend ALX as a supplementary final rinse before intracanal medication or as canal soaking agent before canal obturation in persistently-infected/failed root canals, because ALX does not possess organic tissue-dissolving properties like sodium hypochlorite.^[@bib35]^ In addition, ALX was studied to be a possible replacement of CHX in root canal irrigation, since the interaction of ALX and sodium hypochlorite did not form an insoluble precipitate known as para-chloroaniline.^[@bib19]^ Therefore, strategies to treat *E. faecalis*-infected root canals may benefit from mechanical disruption of the multicellular bacterial structure by nickel--titanium instrumentation, dissolution of the extracellular polymeric substance by NaOCl irrigation, supplementary rinse with ALX before intracanal medication, calcium hydroxide medication, and canal soaking with ALX or CHX solution for 10 min before canal obturation. This treatment protocol may synergistically improve the success rate of endodontic treatment in *E. faecalis*-infected root canals.

Conclusion
==========

Under the limitation of the present study, 1% ALX has a similar antibacterial effect to 2% CHX against *E. faecalis*, suggesting that both irrigants can be useful for a supplementary final rinse before intracanal medication or as canal soaking agents before canal obturation in *E.faecalis*-infected root canals.
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![**Luppens apparatus.** The apparatus consisted of a vessel containing media, a pump, a culture container and a vessel with waste, all connected by silicone tubing.](ijos201311f1){#fig1}

![**SEM images of *E. faecalis*-infected dentin blocks in the 5-min-soaked groups.** SEM images of *E. faecalis*-infected dentin blocks treated with saline show a large number of adhering bacteria (**a**, ×1 500) with intact bacterial membranes (**b**, ×20 000). The group treated with 2% CHX shows reduced numbers of adhering bacteria (**c**, ×1 500) and many lysed *E. faecalis* (**d**, ×10 000, white arrow). The group treated with ALX also shows fewer adhering bacteria (**e**, ×1 500) with damaged membranes (**f**, ×10 000, white arrow). ALX, alexidine; CHX, chlorhexidine; *E. faecalis*, *Enterococcus faecalis*; SEM, scanning electron microscope.](ijos201311f2){#fig2}

![**SEM images of *E. faecalis*-infected dentin blocks in the 10-min-soaked groups.** SEM images of *E. faecalis*-infected dentin blocks treated with saline for 10 min show many adhering *E. faecalis* (**a**, ×1 500) with normal shape (**b**, ×20 000). The group soaked with 2% CHX shows fewer adhering bacteria (**c**, ×1 500) and CHX particles attached to bacterial membranes (**d**, ×20 000, white arrow). The group treated with 1% ALX also shows fewer adhering bacteria with abnormal shape (**e**, ×1 500) and ALX particles attached to bacterial membranes (**f**, ×20 000, white arrow). ALX, alexidine; CHX, chlorhexidine; *E. faecalis*, *Enterococcus faecalis*; SEM, scanning electron microscope.](ijos201311f3){#fig3}

###### Cell numbers of *Enterococcus faecalis* adhered to bovine dentin in each treatment group

  Soaking time/min    Irrigant solution   Sample number   No. of cells/observation spot[a](#tbfnote2){ref-type="fn"}                      Significant difference
  ------------------ ------------------- --------------- ------------------------------------------------------------ ---------------------------------------------------------------
  5                        Saline              10                                  90±12.86                                                           
                           2% CHX              10                                  18±7.37                             [b](#tbfnote3){ref-type="fn"}^,^[c](#tbfnote4){ref-type="fn"}
                           1% ALX              10                                  16±4.68                             [b](#tbfnote3){ref-type="fn"}^,^[c](#tbfnote4){ref-type="fn"}
  10                       Saline              10                                  92±10.34                                                           
                           2% CHX              10                                  16±3.67                             [b](#tbfnote3){ref-type="fn"}^,^[c](#tbfnote4){ref-type="fn"}
                           1% ALX              10                                  14±4.27                             [b](#tbfnote3){ref-type="fn"}^,^[c](#tbfnote4){ref-type="fn"}

ALX, alexidine; CHX, chlorhexidine.

Mean±s.d.

Significant difference at *P*\<0.05 compared with saline (control) group.

Insignificant difference at *P*\>0.05 compared with 2% CHX or 1% ALX group.
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